Brucellosis is a highly contagious zoonosis that affects the public health and economic performance of endemic as well as non-endemic countries. In developing nations, brucellosis is often a very common but neglected disease. The purpose of this review is to provide insight about brucellosis in animal populations in Egypt and help to understand the situation from 1986 to 2013. A total of 67 national and international scientific publications on serological investigations, isolation, and biotyping studies from 1986 to 2013 were reviewed to verify the current status of brucellosis in animal populations in Egypt. Serological investigations within the national surveillance program give indirect proof for the presence of brucellosis in cattle, buffaloes, sheep, goats, and camels in Egypt. Serologic testing for brucellosis is a wellestablished procedure in Egypt, but most of the corresponding studies do not follow the scientific standards. B. melitensis biovar (bv) 3, B. abortus bv 1, and B. suis bv 1 have been isolated from farm animals and Nile catfish. Brucellosis is prevalent nationwide in many farm animal species. There is an obvious discrepancy between official seroprevalence data and data from scientific publications. The need for a nationwide survey to genotype circulating Brucellae is obvious. The epidemiologic situation of brucellosis in Egypt is unresolved and needs clarification.
Introduction
Brucellosis is caused by bacteria of the genus Brucella. Brucellae are small Gram-negative, nonmotile, non-spore forming, aerobic, facultative intracellular coccobacilli capable of invading epithelial cells, placental trophoblasts, dendritic cells, and macrophages [1] . The genus includes 10 nomo-species based on their different host specificity [2] . The six classical species are B. melitensis biovar (bv) 1-3, mainly isolated from sheep and goats; B. abortus bv 1-6 and 9, primarily isolated from cattle and buffaloes; B. suis bv 1-3, mainly isolated from pigs, bv 4 from reindeer and bv 5 isolated from small ruminants; B. canis isolated from dogs; B. ovis isolated from sheep; and B. neotomae isolated from desert wood rats [3] . Recently, four new species have been described. Two are of marine origin (B. pinnipedialis from seals, and B. ceti from dolphins and whales). B. microti was isolated from the common vole Microtus arvalis [4] . Finally, B. inopinata was isolated from a breast implant wound of a female patient [5] .
Brucellosis, caused by B. melitensis, B. abortus, B. suis (except bv 2) and in rare cases B. canis, is a highly contagious and zoonotic disease affecting livestock and humans worldwide. In animals, brucellosis causes tremendous economic losses [6] . The disease provokes abortion, stillbirth, mastitis, metritis, and placental retention in females and orchitis and arthritis in males. Infertility may be seen in both sexes. The true incidence of human brucellosis is not easy to estimate globally, but an estimated 500,000 persons are newly infected every year [7] . The World Health Organization considers brucellosis a neglected zoonosis and classifies Brucellae as risk group III agents because they can be easily transmitted via aerosols [8] . Airborne transmission of B. melitensis infection has been previously described [9] , and Brucellae have previously been used as biological agents in weapons of mass destruction [7] .
Brucella in Egypt
It is likely that brucellosis has been an endemic disease in Egypt for thousands of years. For example, there is evidence in 5.2% of bone remnants from ancient Egyptians (750 BCE) of sacroiliitis in pelvic bones, and evidence of spondylitis and osteoarticular lesions have also been found, both common complications of brucellosis [10] . In 1939, brucellosis was reported in a scientific report from Egypt for the first time [11] . Since then, the disease has been detected at high levels among ruminants, particularly in large intensive breeding farms (Refai, personal communication, 20.07.2013 ). Consequently, a control program including serological surveys and voluntary vaccination of ruminants was established in the early 1980s [12] .
Indirect techniques regularly used in diagnosis of Brucella are field tests such as the milk ring test (MRT), serological tests such as the standard agglutination test (SAT) and buffered agglutination test, which are confirmed by the complement fixation test (CFT) and enzyme-linked immunosorbant assay (ELISA) [13] . Serological diagnosis of Brucellae currently relies mainly on the detection of antiBrucella lipopolysaccharide (LPS) antibodies. In B. melitensis, B. abortus, and B. suis, the LPS is smooth (containing an O-polysaccharide); B. canis isolates lack the O-polysaccharide and are considered rough. However, these tests cannot differentiate antibodies originating from vaccine or wild-type strains. The tests are also prone to false-negative and false-positive reactions, the latter caused by cross-reactions with LPS of other Gram-negative bacteria [14] .
Isolation of Brucellae is still the gold standard for diagnosis; however, this method often fails due to the delays in symptoms, resulting in incorrect sample types and low bacterial loads in specimens such as blood, milk, or tissue. Biotyping of isolates involves evaluation of a combination of growth characteristics (colonial morphology, oxidase, urease, CO 2 requirement, H 2 S production, growth in presence of the dyes fuchsin and thionin), lysis by bacteriophage (Tiblisi and R/C), and agglutination with monospecific A, M, and R anti-sera [2, 15] . Although various polymerase chain reaction (PCR) assays have been created to diagnose Brucellae at the species level (e.g., the Abortus, Melitensis, Ovis, Suis AMOS PCR), these assays are most useful when applied to DNA extracted from a positive culture.
A comprehensive, evidence-based assessment of current literature and of officially available data on animal brucellosis is missing for Egypt. The aim of this review is to provide insight regarding brucellosis in Egypt over the last 27 years and to assist observers interested in Brucellosis to more fully understand the situation in Egypt.
Literature search and data collection
National and international publications on serological investigations and on typing studies of brucellosis from 1986 to 2013 were obtained through PubMed, Science Direct, Google, and from Egyptian university libraries such as The Egyptian National Agricultural Library (ENAL) and the Federation of Egyptian University Libraries. The following search terms were used: brucellosis in Egypt, Brucella infection in Egypt, Brucella in animals in Egypt, and animal brucellosis in Egypt. Theses dealing with brucellosis available from Egyptian universities were included in this study . The libraries were personally visited or contacted via e-mail. Reports on brucellosis from the General Organization of Veterinary Services in Egypt (GOVS) from January 2006 through December 2011 were investigated. Studies dealing with human infection were excluded.
A full text analysis of each publication was done by at least two reviewers. Publications describing serological investigations were included even if statistical analyses were not sound to avoid loss of data. Publications on cultivation, bio-and genotyping or PCR analyses were included only if state-of-the-art techniques could be verified by the respective material, and if the methods sections and results were clear. To clarify ambiguities, the authors were first contacted by e-mail or phone. If the authors could resolve those ambiguities, the publications were accepted for further assessment. The following data were extracted from the manuscripts, reports, or theses: seroprevalence for brucellosis in host species populations and regional distribution, prevalence of Brucellae in animals or food proofed, and identification of isolates.
Data acquisition
A total of 25 scientific papers on seroprevalence [6, 12, and 18 on isolation of Brucellae [11, 16, 17, 20, 22, 25, 26 Table 1 ). Most studies were made in response to clinical events such as notice of late abortion, elevated levels of insemination, and mastitis. As such, these studies do not comply with the standards for epidemiological investigations concerning study design or biostatistics. However, they show that in infected animal herds, the prevalence rate may be high independent of the animal species (1%-100%). In cross-sectional studies, approximately 15% of households in a study area kept animals and within a herd, up to 15% (cattle and buffaloes) or even more (sheep and goats) animals could be expected to be seropositive [6, 19, 32] . Data obtained by sampling animals in slaughterhouses have to be considered biased, as brucellosis-seropositive animals ought to be slaughtered by law. Studies on camels (n=12) demonstrated a high seroprevalence in these animals. It should be noted that camels are imported from Sudan, where brucellosis is endemic.
The prevalence of brucellosis in cattle, buffaloes, sheep, and goats was generally higher in Beni-Suef governorate than in other governorates in upper Egypt [11, 22] . In the Delta region, the highest prevalence was reported in Behira governorate. Inadequate preventive measures and uncontrolled transport between Egyptian governorates to and from animal markets may play an important role in the incidence of brucellosis.
Culture and biotyping
Isolation of Brucella is still the gold standard for brucellosis diagnostics, but it has several drawbacks such as hands-on time and low sensitivity, especially in chronic cases. Handling of culture material poses a high risk of infection to the operator. Our analysis shows that this technique is restricted to a few laboratories in Egypt. A total of 35 publications on isolation or biotyping of Brucellae were selected for review. In general, these studies were done within outbreak investigations. Most authors of theses described the techniques used very clearly and comprehensively so that results could easily be checked for plausibility. Strains isolated were regularly determined by investigating CO 2 requirement, H 2 S production, growth in the presence of thionin and basic fuchsin dyes, agglutination test with monospecific A and M antisera, and phage lysis test. In contrast, only 15 articles published between 1986 and 2012 followed the complete method of biotyping. Brucella strains were isolated from milk, blood, vaginal discharge, and aborted fetuses of infected cattle, buffaloes, sheep, goats, and camels [22, 25, 72, 73] , and also from organs including liver, spleen, lung, kidneys, heart, and lymph nodes [22, 40, 55] . The rationales for sampling, sampling strategy, or statistics of sampling were missing. Hence, the presence of B. melitensis bv 1, 2, 3 and B. abortus bv 1, 3, and 7 was unambiguously demonstrated. B. melitensis bv 3 is the predominant pathovar isolated independent from the host species and bv 1 and 2 were described in a single study in 2004 only. Isolates of B. melitensis originated from all farm animal species and also from rats. Table 2 .
Isolation of B. melitensis from cattle and buffaloes was attributed to mixed rearing of sheep and goats with cattle or buffaloes on holdings or in one flock, contamination of pastures by infected sheep and goats, and spreading of disease by these animals to new areas [22] . However, no proof for this assumption was made via genotyping of strains or tracing back investigations. Alarming is the fact that B. melitensis bv 3 was also isolated from 4 out of 65 semen samples from bulls (6.2%) and 3 out of 55 (5.5%) samples from rams, respectively, at the Animal Reproduction Research Institute, Giza [43] . Venereal transmission may be responsible for maintaining a bovine brucellosis cycle based on unhygienic serving methods (i.e., that one bull serves cows of various holdings in different neighboring villages). As a consequence, artificial insemination and semen collection have to be done under strict precautions.
Molecular diagnostics
Because of the shortcomings of culture, the use of new diagnostic techniques for the direct detection of Brucellae was attempted, although no biovar-specific PCR assays exist. Authors of only 15 publications from 1986 to 2012 used PCR. The sensitivity of PCR proved to be higher than cultivation [78] , and even small numbers of Brucellae were detected in samples [25] . B. melitensis DNA was found in the semen of bulls and rams [43] and in the milk of cattle, buffaloes, sheep, and goats in Menufiya, Gharbia, Behira, Fayoum, Aswan, Beni-Suef, and Sohag governorates [16, 26] [79] . These results highlight a special public health hazard for farmers and nomadic peoples who encourage the drinking of raw milk from camels as they believe that it has a soothing and therapeutic effect against digestive tract diseases and liver infections [78] .
Environmental contamination with Brucellae
Significant environmental contamination has to be assumed due to local husbandry methods and the lack of effective carcass disposal. Nile catfish have been found to be infected with B. melitensis, especially in small tributaries of Nile canals in the governorates of Kafrelsheikh, Menufiya, Gharbiya, and Dakahlia in the Nile Delta region. It was isolated from 5.8%, 4.2%, 5.8%, and 13.3% of liver, kidney, spleen samples and skin swabs, respectively; it was not isolated from samples of farmed fish [34] . It is speculated that disposal of animal waste (carcasses, milk, aborted and parturition materials) into the Nile or its canals plays an important role in the transmission of Brucella and is also the reason for the high incidence in these regions. Farmers also wash their animals in these canals or try to reduce the body temperature of diseased animals in the Nile, which may contribute to spreading of Brucellae. Moreover, B. melitensis bv 3 was also isolated from rats [44] . Only one study reported Brucellae in fish. This fact is interesting and should be investigated further in the future. The presence of Brucellae in rat and fish indicates high environmental contamination, which is alarming.
Surveillance program
Despite 30 years of work and efforts of the General Organization of Veterinary Services to overcome brucellosis in Egypt by testing female cattle and buffaloes older than six months of age and slaughtering serologically positive animals, the vaccination of calves with B. abortus S19 and adults with BR51 vaccines and small ruminants with B. melitensis Rev 1 vaccine [11] , the results are disappointing and brucellosis is still endemic among humans and ruminants in Egypt. Modeling of the currently applied measures suggests that, at best, 4% of the animal stocks (but not more than 5%) are included in the control program [80] . Our data implies that even this number is overestimated. Several authors proposed that, hotspots are located in the Delta region and in upper Egypt, along the River Nile and south of the Delta containing 32% of the Egyptian large ruminant and 39% of the small ruminant stocks which are often kept in small mixed herds owned by single households [81] . The assumption of hotspots needs further confirmation. A simple sampling bias might be seen. Various authors linked the limited success of the control program to improper diagnosis and spreading of the disease at large animals markets where different animal species of unknown health status from different towns and governorates intermix. Additionally, small ruminant flocks present in high numbers in Egypt are highly migratory [22] . Low compensation for owners results in slaughtering of only 0.2% of seropositive animals [18] . Emotional attachment of owners to animals that they had kept for long time may also be a reason for their unwillingness to slaughter seropositive animals [82] .
Summary
In summary, it can only be assumed that brucellosis is prevalent nationwide in all farm animal species, in the environment, and in carrier hosts such as rats. The predominant occurrence of B. melitensis bv 3 in bovines is in contrast to Egyptian reports published before 1980 which had described the classic epidemiology of brucellosis with B. abortus in cattle and buffaloes and B. melitensis in small ruminants, respectively. The question must be raised whether a B. melitensis clone was able to cross species barriers and was able to establish a permanent reservoir in cattle and buffaloes. A husbandry system favoring mixed populations of cattle, buffaloes, sheep and goats, limited success of the official control program due to unrealistic high sampling numbers, and poor compliance of livestock farmers has contributed to the emergence of brucellosis in Egypt [18] . The need for a nationwide survey to genotype circulating Brucellae is obvious. Thus, the epidemiologic situation of brucellosis in Egypt is cryptic and needs clarification. Consequently, cultivation and biotyping of Brucella isolates has to be made available for all governorates to monitor the effect of control programs and to trace back outbreaks. Future seroprevalence studies must meet scientific standards. The current control program is ineffective and a new strategy to combat brucellosis has to be developed, tailored for the parlous situation of Egypt farmers.
The need for an efficient animal registration and marking system is obvious. The sale of Brucellainfected animals in the open market is increasing in Egypt. The introduction of a Brucella-infected animal into a herd can lead to spread of the infection to the whole herd, causing economic losses. Markets should be controlled by veterinarians and compensation for those selling animals should be satisfied to prevent infected animals from being sold [83] . Slaughter has to be replaced by culling and safe disposal of carcasses to avoid human infection or pollution of the environment. The measures of the control program have to be made mandatory, and a reasonable system of compensation has to be implemented to enhance acceptance. 
